FasL and TNF-related apoptosis-inducing ligand (TRAIL) belong to a subgroup of the TNF superfamily which induce apoptosis by binding to their death domain containing receptors. In the present study we have utilized a panel of seven cell lines derived from human malignant gliomas to characterize molecular pathways through which FasL and TRAIL induce apoptosis in sensitive glioma cells and the mechanisms of resistance in cell lines which survive the death stimuli. Our ®ndings indicate that FADD and Caspase-8 are essential for FasL and TRAIL mediated apoptosis in glioma cells. One sensitive cell line (D270) can be protected from FasL and TRAIL induced death by anti-apoptotic Bcl-2 family members while another (D645) cannot, implying that these lines may represent glioma examples of type II and type I cells respectively. For the ®rst time we demonstrate resistance to FasL but not to TRAIL within the one glioma cell line. Furthermore, we report distinct mechanisms of resistance within dierent glioma lines, including downregulation of Caspase-8 in U373MG. Cycloheximide sensitized four of the resistant cell lines suggesting the presence of labile inhibitors. None of the known apoptosis inhibitors examined accounted for the observed resistance, suggesting novel inhibitors may exist in glioma cells. Oncogene (2001) 20, 5789 ± 5798.
Introduction
Malignant gliomas are the most frequent primary brain tumors in adults and the prognosis of patients remains extremely poor (Hosli et al., 1998) . Apoptosis is a highly evolutionarily conserved process fundamental to normal development and homeostasis. Defects in apoptosis regulation are implicated in a variety of human diseases, including cancer (Reed, 1999) . It is likely alterations in apoptotic pathways play a role in the tumorigenesis of glioma and resistance to current therapies which induce apoptosis, such as radio-and chemotherapy. This study focuses on the death receptor mediated apoptotic pathways in glioma cells, induced by FasL (CD95L/Apo1L) and Tumor Necrosis Factor-related apoptosis-inducing ligand (TRAIL/ Apo2L).
FasL and TRAIL belong to a subgroup of the Tumor Necrosis Factor (TNF) superfamily with the unique ability to induce apoptosis. They do so via their cognate death receptors Fas and DR4 (TRAIL-R1)/ DR5 (TRAIL-R2/Trick2) respectively, which are characterized by a cytoplasmic death domain (reviewed by Reed, 2000) . FasL and TRAIL can also bind to antagonist`decoy' receptors. DcR3/TR6/M68 is a secreted soluble Fas decoy receptor which competes with Fas for binding to FasL (Bai et al., 2000; Pitti et al., 1998; Yu et al., 1999) . Alternative splicing of the Fas gene can also give rise to mRNAs encoding membrane bound proteins which lack the death domain, such as the Fas Decoy Receptor (FDR) (Jenkins et al., 2000) . TRAIL can bind to the decoy receptors DcR1 (TRAIL-R3/Trid/Lit) and DcR2 (TRAIL-R4/TRUNDD) which lack the intracellular death domain and are therefore incapable of inducing the apoptotic pathway. TRAIL decoy receptors are expressed almost exclusively in normal cells (reviewed by Reed 2000) .
Studies in lymphoid cells suggest FasL and TRAIL engage similar apoptotic pathways in these cells. Aggregation of the death receptors by multimerized ligand induces the formation of a death-inducing signaling complex (DISC) (Kischkel et al., 1995; Sprick et al., 2000) , involving the receptors' death domains (DDs), the adaptor molecule FADD (Mort-1) and Mch5, MACH) , which interact via their death eector domains (DEDs).
The subsequent activation of Caspase-8 at the Fas DISC has been shown to propagate alternate apoptotic pathways (Scadi et al., 1998) . In type I cells, active Caspase-8 directly cleaves downstream eector caspases, such as Caspase-3, which in turn cleave an array of substrates, leading to the systematic destruction of the cell (Wolf and Green, 1999) . However in type II cells, DISC formation is less ecient and mitochondrial ampli®cation of the death receptor induced signal is required for apoptosis (Scadi et al., 1999b) . Active Caspase-8 cleaves the BH3-only Bcl-2 family member Bid and truncated Bid (tBID) translocates to the mitochondria . This results in the release of cytochrome-c, which binds to Apaf-1 and recruits Caspase-9 to form the`apoptosome' (Luo et al., 1998; Zou et al., 1999) . This complex is involved in the`intrinsic' apoptotic pathway, which is triggered by serum withdrawal (Zhang et al., 2000b) and DNA damage (Coultas and Strasser, 2000) . The Bcl-2 protein family regulates apoptotic signals involving the mitochondria (reviewed by Gross et al., 1999) .
Seven glioma cell lines were used in this study and initially characterized for their sensitivity to FasL, TRAIL and cisplatin. The death receptor apoptotic signal transduction pathways used by sensitive cells and the mechanisms employed by resistant cells to elude apoptosis were investigated.
Results

Glioma cell lines differ in their susceptibility to death stimuli
A panel of seven glioma cell lines was characterized for FasL and TRAIL sensitivity (refer to Table 1 and Discussion) using the sensitive lymphoid cell line Jurkat as a control. Two distinct methods were used to assess cell viability with comparable results. The glioma cell lines displayed dierential sensitivity to each of the death stimuli. D645, D270 and U118MG were sensitive to FasL, with the remainder being FasL resistant (Figure 1a,b) . D645 was also very sensitive to TRAIL induced apoptosis. U118MG, D270 and U87MG displayed partial sensitivity to TRAIL, while U251MG and U373MG were resistant (Figure 1d ,e). D54 was completely resistant to FasL, but sensitive to TRAIL. Death receptor mediated apoptosis has been shown to converge downstream with the`intrinsic' apoptotic pathway which can be induced by chemotherapy drugs. To examine sensitivity to such an apoptotic stimulus, cells were treated with the chemotherapeutic agent cisplatin (Figure 1g,h ). D270 was particularly sensitive to cisplatin with a second line, U118MG displaying intermediate sensitivity. D645, the most sensitive cell line to FasL and TRAIL, was resistant to cisplatin. U373MG and U251MG were resistant to all three death stimuli.
Caspase-3 activity correlates with sensitivity
Apoptosis triggered by all three agents studied has been demonstrated in other cell types to involve activation of caspases. The tetrapeptide DEVD is cleaved by eector caspases such as Caspase-3. Cleavage of the¯uorogenic substrate DEVD-AMC was used to quantify activated Caspase-3 (and similar caspases) in each of the cell lines following treatment with FasL and TRAIL. Figure 1c ,f demonstrate that the amount of Caspase-3-like activity correlates with the susceptibility of the cells to apoptosis. Absolute DEVD-ase activity was less in cisplatin treated cells, but the relative levels of Caspase-3-like activity correlated with sensitivity ( Figure 1i ).
Receptor expression does not correlate with sensitivity or resistance
Flow cytometry and immunoblotting were used to survey the expression of death and decoy receptors in the glioma cells. Fas was expressed on the surface of all cells ( Figure 2a ) and in each line the protein was full length (Figure 2b ). The FasL decoy receptor DcR3 was not detected in lysates (Figure 6a ) or conditioned media (data not shown) of any of the cell lines.
Mutations of Fas in melanoma cells have been described (Shin et al., 1999) . Given the dierential sensitivity of D54 to FasL and TRAIL, the Fas coding region from D54 was sequenced. It was found to be wild type, thus ruling out the possibility of a point mutation or small insertion/deletion of the death (Figure 2c,d ). DcR2 was also expressed in U87MG cells, and all cell lines expressed moderate levels of DR5 on their surface. DcR1 was non-detectable by immunoblotting (data not shown).
Elucidation of pathway components
Immunoblotting was used to evaluate the levels of the candidate FasL and TRAIL signaling molecules FADD, Caspase-8 and Caspase-3. FADD and Caspase-8 have been implicated as components of the FasL and TRAIL DISC. Formation of the DISC results in activation of eector proteases such as Caspase-3. All cell lines express similar levels of Caspase-3 (Figure 3a ), however U373MG expressed very low levels of FADD and Caspase-8, as discussed below. As the sensitive lines expressed FADD and Caspase-8 we investigated whether these molecules are Transfection of the anti-apoptotic proteins Bcl-2 and Bcl-xL into D270 cells abolished cisplatin induced apoptosis (Figure 4a ), a stimulus known to utilize the mitochondrial`intrinsic' pathway. Interestingly, transfection of Bcl-2 and Bcl-x L into D270 cells completely inhibited FasL and TRAIL induced apoptosis, while D645 cells remained sensitive after similar transfections ( Figure 4b ). This suggests the Bcl-2 family of proteins can regulate signals emanating from death receptors in some glioma cells. Expression levels of Bcl-2 family members may therefore account for the resistance to these stimuli exhibited by other glioma lines, so endogenous levels of Bcl-2 family members were examined by immunoblotting. However, resistant lines did not express signi®cantly higher levels of the antiapoptotic family members Bcl-2 and Bcl-x L ( Figure  3b ), arguing against this hypothesis. Both D270 and D54 cell lines express large amounts of the proapoptotic protein Bid. D270 cells express very low levels of Bcl-x L and Bad while the TRAIL sensitive cell line D54 expressed very low levels of Bcl-2.
Different mechanisms of resistance
There are two general hypothetical mechanisms for resistance to apoptotic stimuli: either a cell has a defective or underexpressed apoptotic pathway component, or it contains an inhibitor which blocks that pathway. To distinguish between these possibilities, apoptosis assays were performed in the presence of the potent translation inhibitor cycloheximide (CHX) ( Figure 5 ). HeLa cells were used as a control as they have previously been shown to become sensitive to FasL following CHX treatment (Somia et al., 1999) . Inhibition of translation by CHX substantially increased the sensitivity of D270, U118MG and U87MG lines to both TRAIL and FasL induced apoptosis after 6 h of incubation. Interestingly, D54 was dramatically sensitized to FasL-induced death following exposure to CHX. This ®nding suggests that D54 may express a labile inhibitor which speci®cally blocks FasL-induced apoptosis. U251MG and U373MG, which are resistant to both FasL and TRAIL, remain resistant in the presence of CHX, suggesting that their resistance is due to either a defective death pathway(s), or the presence of an inhibitor(s) with a longer half-life. This is consistent with the above ®nding that U373MG cells express low levels of FADD and Caspase-8. Sequencing of Caspase-8 and FADD in these resistant cell lines revealed them to be wild-type. Inhibition of translation by CHX did not sensitize any of the lines to cisplatin. Figure 6a ,b show expression levels of previously identi®ed FasL or TRAIL inhibitors in the glioma cell lines. Neither splice variant of the Caspase-8 dominant negative inhibitor cFLIP (long or short) was detected in the lysates of any of the glioma cell lines, thus being excluded as a possible mechanism of resistance. Similarly, no expression of the Fas speci®c candidate inhibitors DcR3 or LFG mRNA was detected. The expression levels of the caspase inhibitor XIAP and PEA-15 mRNA did not dier signi®cantly between the dierent cell lines.
Analysis of expression of candidate inhibitors
Sensitizing resistant cell lines
Rendering resistant cell lines sensitive to apoptosis is a means to con®rm the proposed mechanism of resistance. The results described above suggest the glioma cell line U373MG is resistant to both TRAIL and FasL induced apoptosis due to low levels of the crucial signaling components FADD and/or Caspase-8. Figure 7 demonstrates that enforced expression of Caspase-8 into U373MG sensitized the cells equally to FasL and TRAIL mediated apoptosis. Similar enforced expression of FADD had no eect (data not shown). 
Discussion
Previous studies in glioma cell lines have shown that dierential sensitivities exist between the tumor cell lines to both TRAIL and FasL induced apoptosis (Rieger et al., 1998) and the data presented here con®rm these ®ndings. In addition, we demonstrate that glioma cell lines potentially utilize dierential apoptotic pathways and exhibit a number of mechanisms of resistance to death receptor induced apoptosis, summarized in Table 1 .
Apoptotic pathway components
Although the glioma cells vary in their susceptibility, FasL and TRAIL appear to utilize similar apoptotic pathway components. The present study agrees with previous ®ndings that both Caspase-8 and FADD are essential for Fas (Juo et al., 1998 (Juo et al., , 1999 and DR5 mediated apoptosis (Sprick et al., 2000) , and Caspase-3-like caspases are important eector caspases for both death stimuli (Wrone-Smith et al., 2001) .
The Bcl-2 family of proteins plays a more controversial role in regulating death receptor mediated apoptosis. Reports of the inhibitory capacity of antiapoptotic Bcl-2 family members on FasL and TRAIL killing range from no eect (Huang et al., 1999; Kim et al., 2001) , to substantial eect (Hinz et al., 2000; Scadi et al., 1998) . These contrasting results have been attributed variously to dierences in the cells used and the experimental agent used to aggregate the death receptors.
The sensitivity of D270 cells to cisplatin, FasL and to a lesser extent TRAIL, may re¯ect the endogenous protein expression levels of the Bcl-2 family members, expressing high levels of the pro-apoptotic Bid and low levels of the anti-apoptotic Bcl-x L . Enforced expression of the antiapoptotic proteins Bcl-2 and Bcl-x L into D270 cells rendered them resistant to apoptosis, suggesting death receptor mediated apoptosis is routed via the mitochondria in these cells, as in type II cells. D645 cells remained sensitive to FasL and TRAIL in the presence of Bcl-2 and Bcl-x L , which may indicate that they are type I cells. The fact that glioma cell lines may be either type I or type II cells and thus dierentially regulated is currently being investigated further. This observation that the glioma cell lines may employ alternate apoptotic pathways complicates the determination of resistance mechanisms. However, both cell types utilize some common pathway components: receptors, DISC and downstream eector caspases. Therefore mutations or inhibitors of any of these signaling components could render the cells resistant to apoptosis.
Mechanisms of resistance
The most proximal step to suppress a death receptor pathway is inhibition of ligand binding. This could be achieved by lack of or mutations in death receptors or the presence of decoy receptors. Prior reports using glioma cell lines have examined TRAIL receptor mRNA levels by RT ± PCR (Rieger et al., 1998) and Northern blot (Wu et al., 2000) . However, decoy receptor localization studies in melanoma cells suggest that mRNA levels of the receptors do not correlate with Figure 7 Enforced expression of Caspase-8 increases susceptibility of U373MG to FasL and TRAIL-induced apoptosis. U373MG cells were transfected with either FpIRESneo or FpIRES-Casp-8 together with a lacZ reporter plasmid. Transfected cells were treated with normal medium (white columns) or media containing FasL (grey columns) or TRAIL (black columns) and, following X-gal staining, the percentages of transfected (blue) cells which were apoptotic were determined microscopically. Error bars represent standard deviations from at least ®ve replicates from one representative experiment (Zhang et al., 2000a) . Therefore in the present study, we determined total protein levels of the receptors and surface expression levels.
Our ®ndings suggest there is no correlation between TRAIL receptor surface expression and susceptibility to TRAIL induced apoptosis in glioma cell lines. This is in accordance with some previous observations in various tumor types (Keane et al., 1999; Tschopp et al., 1998; Wen et al., 2000) but not with others (Zhang et al., 1999) . All cell lines expressed the highest anity death receptor DR5 (Truneh et al., 2000) on their surface, with D54 having the highest levels of expression. D54 is also the only cell line with detectable levels of DR4. While this cell line is susceptible to TRAIL, D645 is the most sensitive and has similar DR5 surface expression levels to the remaining cell lines. In the present study, the levels of decoy receptor expression were very low in all cell lines and would therefore not account for TRAIL resistance.
Expression of Fas on the surface of glioma cells has been reviewed elsewhere (Roth and Weller, 1999) . In the present study, no correlation was found between Fas surface expression and susceptibility to FasL induced apoptosis. DcR3 is a secreted soluble protein which competes for binding to Fas with an equal anity to FasL, inhibiting apoptosis (Yu et al., 1999) . DcR3 gene ampli®cation has been implicated in human lung and colon carcinoma (Pitti et al., 1998) and its protein is over-expressed in gastro-intestinal tract tumors (Bai et al., 2000) . Using an antibody which readily detects DcR3 protein in 293T cells transfected with a DcR3 expression plasmid, it was not possible to detect DcR3 in the supernatants (data not shown) or lysates of any of the glioma lines (Figure 6a) . Surprisingly, detection of DcR3 protein in concentrated supernatants of U87MG and U373MG cells has recently been published (Roth et al., 2001) . It is therefore possible, assuming that the antibody in those experiments did not detect residual bovine DcR3 from the culture medium, that DcR3 is expressed in these lines at levels below our detection threshold.
A further downstream level at which apoptosis can be inhibited is that of the apoptotic signaling components. The U373MG cell line appears to be resistant to death receptor mediated apoptosis due to lack of crucial signaling components, and expression of Caspase-8 sensitized this cell line to FasL and TRAIL mediated apoptosis, while overexpression of FADD did not. Many recent studies have reported methylation of the Caspase-8 gene as a mechanism for decreased levels of protein expression in neuroblastomas, rendering cells resistant to apoptosis (HopkinsDonaldson et al., 2000; Teitz et al., 2000) . In U373MG cells however, demethylation with 5-aza-2'-deoxycytidine did not increase Caspase-8 expression (data not shown), implying that methylation of the Caspase-8 gene is not responsible for its low expression levels. U251MG was similarly resistant to FasL and TRAIL. The lack of sensitization by CHX would imply that its resistance is due to a mutated component or the expression of an inhibitor with a long half-life.
The presence of anti-apoptotic intracellular proteins which interfere with signaling is another potential mechanism for tumor cell resistance. Similarly to previous reports in glioma cell lines (Hao et al., 2001; Rieger et al., 1998; Wu et al., 2000) , inhibition of protein translation by CHX dramatically sensitized four of the glioma cell lines to TRAIL and FasL induced death. This suggests the presence of a labile inhibitor in these lines and expression levels of a number of known inhibitors were examined. cFLIP is a dominant negative form of Caspase-8 which lacks residues important for substrate catalysis rendering it devoid of proteolytic activity. Levels of cFLIP L have been correlated with resistance to FasL in lymphoid (Perlman et al., 1999) and melanoma cells (Irmler et al., 1997) and to TRAIL induced apoptosis in melanoma cells (Grith et al., 1998) and various tumor types (Kim et al., 2000; Leverkus et al., 2000) . However, none of the glioma cell lines in the present study expressed cFLIP.
PEA-15/PED is a DED containing phosphoprotein expressed in brain which protects astrocytes from TNF-a induced apoptosis (Kitsberg et al., 1999) , through interruption of FADD-Caspase-8 binding (Condorelli et al, 1999) . Twofold higher levels of PEA-15 have been implicated recently in the resistance of some glioma lines, including U373MG (Hao et al., 2001) . While our attempts to obtain an antibody to evaluate PEA-15 protein levels have been unsuccessful, RNA analysis suggests equal PEA-15 transcript levels in all cell lines. This, coupled with the inability of overexpression of PEA-15 to confer resistance on the sensitive lines (data not shown), suggests that PEA-15 does not account for the resistance of the glioma cell lines used in the present study. The U373MG cells used in this study dier from those used by Hao et al. (2001) (it appears that our cells may express lower levels of FADD and Caspase-8). It is therefore possible that the apparent discrepancies are due to the analysis of dierent sublines of U373MG. The ATCC catalog warns that mislabeling of U251MG cells as U373MG cells may have occurred in the past. Our U251MG and U373MG lines are morphologically distinct, but this confusion may partially explain the dierences observed between this study and that of Hao et al. (2001) The fact that D54 is remarkably sensitized to FasL while being sensitive to TRAIL in the absence of CHX suggests the presence of a labile inhibitor in D54 that is speci®c to the Fas apoptotic pathway. LFG is an intracellular protein which inhibits Fas but not TNF-a or TRAIL mediated apoptosis and could therefore account for this dierential sensitivity (Somia et al., 1999) , however mRNA for LFG was not detected in any of the glioma cell lines. Further described mechanisms of resistance to Fas mediated apoptosis include Fas-associated phosphotase-1 (FAP-1) overexpression in tumors (Myc et al., 1999; Sato et al., 1995; Yanagisawa et al., 1997) and Toso, a membrane bound inhibitor of the Fas pathway con®ned to lymphoid cells (Hitoshi et al., 1998) .
Members of the IAP family of apoptosis inhibitors have been shown to directly inhibit eector Caspases-3, 7 and 9 and to inhibit various cell death stimuli. The inhibition of Caspase-3 by XIAP (K i =0.7 nM) (Deveraux et al., 1997) probably re¯ects physiological inhibitory potential. All the cell lines expressed similar levels of XIAP suggesting this is not responsible for the dierential sensitivities.
This study characterized the dierential sensitivity of glioma cell lines to FasL and TRAIL, demonstrating that sensitive glioma cells can exhibit characteristics of type I or type II cells. It is important to elucidate the varying methods glioma cells have adopted to elude apoptosis induced by both conventional treatments and death receptor ligands, as this may have important implications for future multi-modal treatments. A number of hypotheses for resistance based on mechanisms of resistance previously described in other cell types were examined. We have identi®ed that glioma cells exhibit varying mechanisms of resistance to the death receptor apoptotic pathway, including downregulation of Caspase-8. None of the previously reported apoptosis inhibitors or resistance mechanisms examined here account for the resistance of the glioma cells to FasL or TRAIL mediated apoptosis, suggesting the resistance mechanisms may be novel or distinct in glioma cells.
Materials and methods
Cell lines and plasmids
The`U' series of glioma cell lines was established at the Wallenbery laboratory in Uppsala, Sweden, by Ponten and Westermark and was obtained from ATCC. The`D' series was obtained from the Duke University Medical Center, USA (Bigner et al., 1981) . U87MG cells were maintained in Zinc Option Media (Life Technologies) with 10% fetal bovine serum (FBS). Other cell lines were maintained in DMEM with 10% FBS.
The plasmid CMV-lacZ has been previously described (Hawkins et al., 1996) . A mammalian expression plasmid with an amino terminal FLAG epitope tag (F-pIRES) was constructed by annealing oligonucleotides 1 and 2 and ligating into NotI+EcoRI digested pIRESneo (Clontech). FpIRESCasp8 was generated by excising Caspase-8 from Casp8-pCUP1-(LEU2) (Hawkins et al., 1999) and inserting into FpIRES. Oligonucleotides 3 and 4 were annealed and ligated into FpIRES to give FpIRES-LZ. The extracellular region of human TRAIL was ampli®ed using oligonucleotides 5 and 6 and cloned into F-pIRES-LZ to give FpIRES-LZ-TRAIL, the sequence of which was veri®ed by automated DNA sequencing. The CrmA, Bcl-2 and FADD dominant negative expression plasmids for apoptosis inhibition studies have been previously published (Newton et al., 1998; Strasser et al., 1995) . pEF-FLAG-Bcl-x L was generated by PCR cloning and veri®ed by sequencing. The coding region of Bcl-x L was ampli®ed using oligonucleotides 7 and 8 and the product digested with BglII and XbaI prior to insertion into BamHI-XbaI cut pEF-FLAG-FLIP L puro (Scadi et al., 1999a) .
Oligonucelotides used in the construction of the plasmids described above were: 1: GGCCACCATGGACTACAAGG-ACGACGATGACAAGGCGGCCGCAGCTAGCG; 2: AA-TTCGCTAGCTGCGGCCGCCTTGTCATCGTCGTCCTT-GTAGTCCATGGT; 3: GGCCGCCATGAAACAGATCG-AAGACA AAATAGAG GAGATCCTTAGCAA GATCTA-CCATATAGAAAACGAGATAGCTCGTATCAAAAAGC-TTATTGGTGAAG; 4: TTCTTCACCAATAAGCTTTTT-GATACGAGCTATCTCGTTTTCTATATGGTAGATCTT-GCTAAGG ATCTCCTCTATTTT GTCTTCGATCTGTTT-CATGGC; 5: GGAATTCGTGAGAGAAAGAGGTCC; 6: GCGGATCCTTAGCCAACTAAAAAGGCCCCG; 7: GC-AGATCTATGTCTCAGAGCAACCGGG; 8: GCTCTAG-ACTATTTCCGACTGAAGAGTG.
Antibodies
The following antibodies were used: anti-TRAIL-R1, R2, R3, R4, Bcl-x L , Bad and XIAP (R&D Systems); anti-Fas DX2, FADD A662 and Caspase-3 (Pharmingen); anti-DcR3 TR6 (Prosci); anti-Caspase-8 (Alexis); anti-Bid (Cell Signaling Technology); anti-cFLIP NF6 (a kind gift from Marcus Peter); anti-Bcl-2 (Oncogene); anti-FLAG M2 and antimouse Ig-HRP (Sigma); anti-goat IgG HRP, anti-rabbit HRP and anti-goat IgG FITC (Pierce); anti-mouse Ig-FITC (Silenus). Antibody speci®city was veri®ed by Western blot analysis of transfected 293T cell lysates or by¯ow cytometric analysis of transfected 293Ts (data not shown).
Generation of aggregated FasL and TRAIL
Supernatant from the Neuro2A-CD95L cell line (Schneider et al., 1998) was the source of active aggregated FasL, and was routinely used at a one in 10 dilution. A one in 20 dilution was used for inhibitor transfection experiments. Supernatant from an empty vector control stable Neuro2A line was used for a negative control.
Inclusion of both the FLAG and leucine zipper tags increased TRAIL cytotoxicity following anti-FLAG antibody treatment relative to either tag alone (data not shown). FpIRES-LZ-TRAIL was transiently transfected into 293T cells then 4 days later the media was removed and centrifuged at 13 k.r.p.m. to remove remaining cells. The supernatant (veri®ed to contain F-LZ-TRAIL by Western blot) was diluted one in three and pre-incubated with anti-FLAG antibody 1 mg/ml immediately prior to use in apoptosis and caspase activity assays.
Measurement of apoptosis
Cells were plated in triplicate and allowed to adhere overnight prior to experiments.
MTT assay 5610
3 cells well 71 were plated in a 96-well plate. Following treatment, MTT stock solution (Cell Titer  96 1 Aqueous, Promega) was added to the medium and incubated with cells at 378C for 1 h to allow cell-mediated reduction of MTT. Absorbance was measured at 495 nm.
Propidium iodide uptake 3610 4 cells well 71 were plated in a 24-well plate. Following treatment, cells were harvested and resuspended in buer (1% BSA, 0.05% Na 3 Az in PBS) containing 25 mg/ml propidium iodide (Sigma) and analysed by¯ow cytometry (Nicoletti et al., 1991) .
Annexin-V binding 3610
4 cells well 71 were plated in a 24-well plate. Following treatment, cells were harvested and resuspended in buer (10 mM HEPES, 140 mM NaCl, 5 mM CaCl 2 , pH 7.4) containing 1 : 100 Annexin-V-Alexa 568 (Roche) and analyzed by¯ow cytometry. Cycloheximide (CHX) (10 mg/ml) was added simultaneously with the death stimuli or with control media.
Determination of Caspase activity
Cells were treated with FasL and TRAIL for 6 h and cisplatin 10 mg/ml for 12 h. The cells were washed, lysed in buer A (Miller et al., 1997) and the protein concentration measured. Lysate (30 ml) containing 25 mg of protein was mixed with 70 ml of thē uorogenic caspase substrate DEVD-AMC (Calbiochem) in buer B (Miller et al., 1997) , which is cleaved by Type II caspases such as Caspase-3. The DEVD-ase activity in the extracts was measured¯uorometrically at 508 nm for a 2 h period.
Western blots
Cells were lysed in triple lysis buer (Sambrook et al., 1989 ) then sonicated to shear DNA. Protein quantitation was performed using Protein Assay Dye Reagent Concentrate (Biorad) and 50 mg of protein was loaded on 12% SDS ± PAGE gels. Equal loading was con®rmed by coomassie staining (data not shown). The proteins were transferred to Hybond-P membrane (Amersham), blocked in 1% Blocking Reagent (Roche) in PBS and probed with the indicated antibodies in 1% Blocking Reagent in PBS with 0.05% Tween 20. HRP conjugated antibodies were detected by chemiluminescence using Super Signal 1 West Dura Extended Duration Substrate (Pierce).
Surface protein expression
Surface expression of TRAIL receptors and Fas was determined by¯ow cytometric analysis by measuring the binding of anti-TRAIL receptor and anti-Fas antibodies. One610 5 cells were incubated in 100 ml with 1 mg/ml of primary antibody (TRAIL receptor, Fas or control) in buer (1% BSA, 0.05% Na 3 Az in PBS) for 30 min at room temperature. The cells were washed twice with buer, before incubation with secondary antibody for 30 min at room temperature. After further washing, the cells were resuspended in 200 ml of buer and analysed by¯ow cytometry. The mean¯uorescence ratio (MFR) of cells labeled with nonimmune control antibody and cells labeled with anti-receptor antibody was calculated. The dierence between the percentage of receptor-labeled and isotype control-labeled cells above the point of intersection of the two pro®les de®nes the percentage of cells positive for receptor expression.
Northern blots
Total RNA was isolated from the glioma cell lines (Chomczynski and Sacchi, 1987) . Positive control RNA was isolated from 293T cells transiently transfected with F-pIRES LFG or PEA-15. Ten micrograms of RNA was resolved on a 1% agarose-formaldehyde gel and transferred to Hybond-N membrane (Amersham) overnight. 32 P-labeled (Gigaprime, Geneworks) cDNA was hybridized to the membrane overnight at 688C with Express Hyb (Clontech). The membrane was washed twice with 26SSC, 0.1% SDS at 508C and bands visualized by autoradiography. Equal loading was con®rmed by the 28S ribosomal band intensity which has been shown to be a more consistent method than GAPDH probing (de Leeuw et al., 1989) .
Transfection studies
One 610 5 cells well 71 were seeded in 24-well plates and allowed to adhere overnight. Cells were transfected using Lipofectamine 2000 (Life Technologies) according to manufacturer's instructions. Triplicate coded wells were transfected with 0.1 mg of the reporter plasmid CMV-lacZ (Hawkins et al., 1996) and 0.9 mg of expression plasmid bearing the gene of interest or no insert. The following day, the media was replaced with media containing supernatants from empty vector, FasL or F-LZ-TRAIL transfectants (+1 mg/ml M2 antibody for TRAIL) for 6 h, or cisplatin for 24 h. The death stimuli were used at a concentration required to kill approximately 60% of cells at the above timepoints (FasL 1 : 20, F-LZ-TRAIL 1 : 3 and cisplatin 3 mg/ml). The cells were ®xed (2% formamide, 2% gluteraldehyde in PBS) for 5 min and stained overnight (0.1% X-gal, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl 2 in PBS). Blue cells were scored for apoptosis using morphological criteria as previously described (Miura et al., 1993) . To examine the eect of expression of Caspase-8 on FasL and TRAIL sensitivity of U373MG cells, the media was replaced 6 h following transfection and 24 h later cells were ®xed, stained and scored as above.
Abbreviations CHX, cycloheximide; DD, death domain; DED, death eector domain; DISC, death-inducing signaling complex; PBS, phosphate buered saline; TNF, tumor necrosis factor; TRAIL, TNF-related apoptosis-inducing ligand
